retained in the glutamate pool depended on the size of the latter, and the final relative specific activities of the two substrates indicated almost complete isotope exchange. Isotopic equilibration also occurred when a-oxoglutarate was generated from pyruvate through the tricarboxylic acid cycle in a brain mitochondrial preparation containing [1-14C]glutamate. 5. The differences in the incorporation of 14C from labelled glucose into the glutamate of brain and liver are discussed in terms of the rates of isotope exchange, the glutamate pool sizes and the rates of formation of labelled a-oxoglutarate in the two tissues. It is concluded that the differences between tissues in the incorporation of glucose carbon into glutamate reflect features of their metabolism largely unrelated to that of glutamate.
1. Experiments were performed to throw light on why the incorporation of 14C from labelled carbohydrate precursors into glutamate has been found to be more marked in brain than in other tissues. 2. Rapid isotope exchange between labelled glutamate and unlabelled o-oxoglutarate was demonstrated in brain and liver mitochondrial preparations. In the presence but not in the absence ofoc-oxoglutarate the yield of 14CO2 from [1-14C] glutamate exceeded the net glutamate removal, and the final relative specific activities of the two substrates indicated that complete isotopic equilibration had occurred. Also, when in a brain preparation net glutamate removal was inhibited by malonate, isotope exchange between [1-14C]glutamate and oa-oxoglutarate and the formation of 14CO2 were unaffected. 3. The time-course of isotope exchange between labelled glutamate and unlabelled oc-oxoglutarate was followed in uncoupled brain and liver mitochondrial fractions, and the rate of exchange calculated by a computer was found to be 3-8 times more rapid than the maximal rate ofutilization of the two substrates. 4. The physiological situation was imitated by the continuous infusion of small amounts of OC-oxo[l-14C]glutarate into brain homogenate containing added glutamate. The fraction of 14C infused that was retained in the glutamate pool depended on the size of the latter, and the final relative specific activities of the two substrates indicated almost complete isotope exchange. Isotopic equilibration also occurred when a-oxoglutarate was generated from pyruvate through the tricarboxylic acid cycle in a brain mitochondrial preparation containing [1-14C] glutamate. 5. The differences in the incorporation of 14C from labelled glucose into the glutamate of brain and liver are discussed in terms of the rates of isotope exchange, the glutamate pool sizes and the rates of formation of labelled a-oxoglutarate in the two tissues. It is concluded that the differences between tissues in the incorporation of glucose carbon into glutamate reflect features of their metabolism largely unrelated to that of glutamate.
Work from several Laboratories has shown that 14C from labelled glucose is rapidly incorporated in large amounts into the glutamate and aspartate of brain both in vivo and in vitro, whereas in liver a considerably smaller fraction was found in these amino acids (Beloff-Chain, Catanzaro, Chain, Masi & Pocchiari, 1955; Kini & Quastel, 1959; Roberts, Flexner & Flexner, 1959;  Barkulis, Geiger, Kawakita & Aguilar, 1960;  Busch, Fujiwara & Keer, 1960; Smith & Moses, 1960;  Vrba, Gaitonde & Richter, 1962) . The high labelling of glutamate and aspartate does not necessarily indicate that these amino acids are on the main pathway of glucose oxidation in brain, but may result from rapid isotopic equilibration with intermediates of the tricarboxylic acid cycle as a result ofexchange transaminations (Albers * Haslam, 1963; Haslam & Krebs, 1963b) . Thus reaction (1) occurs between ac-oxo acids and the corresponding amino acids in the presence of the appropriate aminotransferases (Nisonoff, Barnes, Enns & Schuching, 1954; Jenkins & Sizer, 1959; Velick & Vavra, 1962 This paper is concerned primarily with the importance of exchange of 14C between oc-oxoglutarate and glutamate in the labelling of glutamate in brain and also with some aspects of the net metabolism ofglutamate. Some of the results have already been published in a preliminary form (BalAzs & Haslam, 1963 (Aldridge, 1957) in 0-3 M-sucrose containing EDTA (0-5 mM) and the suspension was diluted to 10% (w/v). The mitochondrial fraction was isolated as described by Balazs, Biesold & Magyar (1963) and was suspended in a volume of the above sucrose medium equivalent to the fresh weight of tissue taken.
Rat liver mitochondrial fractions were prepared by the method of Aldridge (1957) .
The basic incubation medium contained: potassium phosphate buffer, pH 7-2 (15 mm); tris-HCl buffer, pH 7 2 (20 mM); MgCl2 (6 mm); EDTA (sodium salt), pH 7-2 (2 mM); sucrose introduced with the mitochondrial suspension (20-50 mm); sufficient KCI to give a final osmolarity of 0-3 with substrates and any other additions. Substrate concentrations were usually 8-10 mm; when present ADP was 2 mm and 2,4-dinitrophenol was 40 /LM.
Mitochondrial suspensions were incubated in conical Warburg vessels unless otherwise mentioned. The volume of the suspension was 1-5 ml. in the absence and 2 or 3 ml. in the presence of ADP. The incubation was terminated by tipping sufficient 2 w-HCI from the side arm to give a final concentration of 0-5 N. The centre well contained 0-2 ml. of 2 N-NaOH, and when 14CO2 was collected shaking was continued after acidification of the vessel contents until no further change in gas pressure occurred (approx. 1 hr.). Mitochondrial suspensions were incubated at 37.50, usually for 30-60 min., with 02 in the gas phase.
Rat-brain homogenates. To simulate the formation of oc-oxoglutarate at a low concentration through the tricarboxylic acid cycle, a-oxo[1-14C]glutarate was added continuously throughout incubations of brain homogenates containing added glutamate. The preparation of the homogenate and composition of the incubation medium were as described by Haslam & Krebs (1963b Pyruvate and oc-oxoglutarate were determined by enzymic methods (Bergmeyer, 1962) . The oxidation of NADH was measured at 340 m,u in the presence of lactate dehydrogenase and glutamate dehydrogenase (C. F. Boehringer und Soehne G.m.b.H., Mannheim, Germany). Protein was estimated by the method of Lowry, Rosebrough, Farr & Randall (1951) .
Radioactive-tracer techniques with 14C. The techniques used were as described by Haslam & Krebs (1963a,b Gutfreund, Ebner & Mendiola (1961) was used for determining the activity in the direction:
Glutamate + oxaloacetate --o a-oxoglutarate + aspartate The activity was measured in the reverse direction by the method of Karmen (1955) as modified by Boyd (1961) .
Glutamate-dehydrogenase (EC 1.4.1.3) activity was determined by the method of Olson & Anfinsen (1952) in both directions. The medium contained ADP (1 mM) also (Mildvan & Greville, 1962) .
The incubation volume was 3 ml. in each case, and the change of extinction at 340 mit was followed with a Unicam SP. 700 recording spectrophotometer. The total activity of the enzymes was measured by diluting the homogenates in Triton X-100 (final concn. 0-1%/) before the assay.
RESULTS
Effects of isotope exchange on the relation between the net metabolism of [1-14C] (Jones & Gutfreund, 1961; Borst, 1962) . Equimolar concentrations of a-oxoglutarate inhibited glutamate removal by about 80% (Table 2 , vessels 5 and 10). As judged from the asparate formation and from the difference between the glutamate removed Brain niitochondrial suspension was incubated in an Erlenmeyer flask in a Dubnoff metabolic shaking incubator at 250 (Expt. A). The flask contained 6 ml. made up of the basic medium, a-oxoglutarate and [1-14C]glutamate (10 e&c/m-mole), ADP (2 miS) and mitochondrial protein (final concn. 3 mg./mL). Samples (1 ml.) were withdrawn at the time-intervals indicated and were acidified and analysed. Mfitochondrial suspensions were also Incubated at 37.50 (Expt. B), and 02 consumption and 14CO formation were measured over 60 min. at the two temperatures in parallel Warburg incubations. In Expt. A the regression lines for the content of glutamate and a-oxoglutarate were calculated and the regression estimates at the different time-intervals were used in the subsequent computations described in the Appendix (Julian et al. 1965 Table 3 ). The relative specific activities of the residual substrates were measured at intervals during the incubation (for 25°incubation see Fig. la ), and were found to approximate gradually to each other at a rate depending on the temperature. The rates of isotope exchange between the two substrates were calculated by an Elliott 803 computer from the analytical information obtained by using the equations given in the Appendix (Julian, Balazs & Haslam, 1965) . The exchange rate was also calculated for liver mitochondria from the results in Table 2 , Fig. 1(b) and Fig. 1(c) , and was found to be comparable with that in brain preparations at the same temperature (Table 4) . Although, as judged by the qo, values, the mitochondrial preparations were in the active state, the calculated rates of isotope exchange were 3-8 times as great as the total substrate utilization. In the controlled state (e.g. Table 2 , vessels 3-5, and Fig. 1c) The calculations are based on experiments with mitochondrial systems in the active state ofrespiration. The analytical data used are given in Table 2 (vessels 8, 9 and 10) for liver and in Table 3 for brain. The method ofdetermining the rates of exchange transamination is given in the Appendix (Julian et al. 1965) . The rates (upper and lower limits) are given in ,tmole/min./mg. of protein and were read off the graphs in Fig. l(a) (brain, 250) and Fig. l(b) Table 5 show that when oc-oxoglutarate was infused at 0-25-0-50 ,umole/min. for 20 min. the final concentration of a-oxoglutarate was about 0-6-1-3 mr. The rate of oxidation of ac-oxoglutarate was proportional to the rate at which it was infused and to the final concentration of oc-oxoglutarate in the homogenate. This is in accordance with the high apparent Km for the oxidation of oc-oxoglutarate found by Balazs, Magyar & Richter (1962) The decrease in the removal of glutamate in the presence of pyruvate results from a decrease in the transamination reaction with oxaloacetate (Haslam & Krebs, 1963b) , probably caused by an alteration of the relative concentrations of oxaloacetate and x-oxoglutarate. Pyruvate causes an inhibition of the oxidation of oc-oxoglutarate Haslam & Krebs, 1963a) , as is also indicated by the decreased formation of 14C02 from cx-oxo-[1-14C]glutarate in vessel 4 of Table 7 relative to vessel 3. This may account for the increased concentration of a-oxoglutarate found in the presence of glutamate and pyruvate. Such a decrease in the oxidation of a-oxoglutarate and an increased utilization of oxaloacetate for citrate synthesis may also be expected to decrease the concentration of oxaloacetate in the presence of pyruvate.
DISCUSSION
The results presented show that in both brain and liver mitochondrial preparations exchange of 14C occurs between a-oxoglutarate and glutamate several times more rapidly than the rate at which the intermediates of the tricarboxylic acid cycle are oxidized (Table 4) . It is therefore to be expected that in both brain and liver a-oxoglutarate formed through the tricarboxylic acid cycle will equilibrate with any glutamate that is in the same metabolic compartment. In the present work this has been shown to occur with oc-oxoglutarate derived from pyruvate in a brain mitochondrial system, so confirming results previously obtained with brain homogenates and slices (Haslam & Krebs, 1963b) . The incorporation in vivo and in vitro of 14C into glutamate from labelled glucose or pyruvate by isotope exchange must depend in the first instance on the activity of the enzyme systems catalysing the exchange, the size of the glutamate pool and the rate of formation of labelled a-oxoglutarate. If incorporation of radioactivity into glutamate under physiological conditions is by isotope exchange the differences between the tissues must be explained by differences in these three factors, which are considered individually below. These factors have been briefly discussed by Haslam & Krebs (1963b) and are now elaborated in greater detail in relation to the results obtained.
Rate and nature of exchange of 14C. Work on purified aminotransferases has demonstrated that reaction (1) may occur between a single substrate pair participating in a transamination reaction (Nisonoffet al. 1954; Jenkins & Sizer, 1959; Velick & Vavra, 1962) . Thus exchange between oc-oxoglutarate and R. BALAZS AND R. J. HASLAM 138 1965 EXCHANGE TRANSAMINATION AND BRAIN GLUTAMATE (Busch & Baltrusch, 1955; Busch, Goldberg & Anderson, 1956) (Schwerin, Bessman & Waelsch, 1950) , so that when isotopic equilibrium is established the total 14C incorporated can be greater than in other tissues. However, there are at least two distinct metabolic pools ofglutamate in the brain (Berl, Lajtha & Waelsch, 1961; Cremer, 1964; Gaitonde, Dahl & Elliott, 1965) . The various factors concerned in the incorporation of 140 into glutamate will affect each pool separately.
Rate of formation of labelled oc-oxoglutarate. In addition to the factors discussed above the amount of 14C incorporated into glutamate will depend on the rate at which labelled ac-oxoglutarate is formed through the tricarboxylic acid cycle. The final specific activity of the glutamate will adjust to that of the cc-oxoglutarate entering the same cell compartment. The experiments using the continuousinfusion technique illustrate both these points.
Doubling of the rate of infusion of ac-oxo[1-14C]-glutarate almost doubled the rate of formation of labelled glutamate (Table 5) , and during infusion of CX-oxo[1-14C]glutarate the relative specific activity of glutamate rose progressively (Table 6 ).
There are several factors that result in more 14C from labelled glucose entering the tricarboxylic acid cycle in brain than in other tissues such as liver, with which a detailed comparison is made below (see Table 8 ). First, according to Gey (1956) the glucose pool of liver is at least ten times as large as that of brain, so that labelled glucose entering the liver will be diluted more than in brain before being metabolized. The very low value in brain indicates that glucose is metabolized as soon as it enters the tissue. Although adequate information on the rate of conversion of glucose into pyruvate is not available for the liver in vivo, it is clear from experiments in vitro that it is slower than in brain (Table 8) , and this accords with what is known of the overall metabolic properties of the two tissues. Under many conditions glucose synthesis will be the dominant process in liver, which, unlike the brain in vivo, can utilize alternative substrates. Thus lactate can enter liver metabolism from the circulation and can therefore dilute labelled pyruvate formed from glucose, whereas in the brain labelled pyruvate can be diluted by only the relatively small endogenous lactate pool (about 2 ,umoles/g.; Mcllwain, 1959) . Busch et al. (1960) Gaitonde, Marchi & Richter (1964) . Dilution of material from labelled glucose is also likely to be greater in liver than in brain at the acetyl-CoA level as a result of fatty acid oxidation. It may be concluded that, as a result of repeated dilution at the levels of glucose, pyruvate and acetyl-CoA, the specific activity of material entering the tricarboxylic acid cycle will be considerably lower in liver than in brain, so that more labelled oc-oxoglutarate will be formed in the latter tissue.
Another factor to be considered is the existence ofa competition between the oxidations ofpyruvate and a-oxoglutarate, which occurs in both tissues Baldzs et al. 1962; Haslam & Krebs, 1963a) . In liver oc-oxoglutarate is oxidized preferentially, but in brain pyruvate inhibits the oxidation of oc-oxoglutarate. This will facilitate the conversion of labelled pyruvate into o-oxoglutarate in brain relative to liver and may be a factor responsible for the larger glutamate pool size in brain.
Formation of labelled glutamate without isotope exchange. To the extent to which there is in brain a bypass of the oc-oxoglutarate to succinate section of the tricarboxylic acid cycle via glutamate, y-aminobutyrate and succinic semialdehyde, there must be a true metabolic turnover of glutamate. The extent of this pathway is not established but, as the activity of y-aminobutyrate aminotransferase is less than 1 % of that of asparate aminotransferase (Table 8) , the proportion of 14C incorporated into glutamate by this route must be very small. Glutamate may also be synthesized by glutamate dehydrogenase, which has a fairly high potential activity in brain (though not as high as in liver; see Table 8 ). However, this reaction is limited by the availability of ammonia and reduced nicotinamide nucleotides, so that the net synthesis of glutamate by glutamate dehydrogenase is probably small under physiological conditions.
Significance of incorporation of14C into amino acid pools from carbohydrate precursors. The foregoing discussion has indicated that the incorporation of 14C from labelled glucose into amino acids, in particular into glutamate, depends on a number of factors (Table 8) . It follows that differences in this respect between the tissues have no single interpretation but require consideration of the fate of labelled glucose carbon in each tissue at each metabolic step between glucose and glutamate. The rapid and marked incorporation of 14C into brain glutamate, reported both in vivo and in vitro by so many workers (e.g. Beloff-Chain et al. 1955; Busch et al. 1956 Busch et al. , 1960 Vrba et al. 1962) , reflects a combination of special features of brain metabolism largely unrelated to that of glutamate. What is more, as the labelling ofglutamate can be accounted for by isotope exchange a role for glutamate in the pathway of glucose catabolism cannot be inferred from this evidence alone.
As a result of isotope exchange between the products of glucose metabolism and the free amino acid pools of brain, the formation of 14C02 from [14C]glucose will not reflect the rate of glucose oxidation until isotopic equilibration has occurred. In cerebral-cortex slices this process may take about 3 hr. (Allweis, Gainer & Chaikoff, 1961 (Chain, Cohen & Pocchiari, 1962; Swaiman, Milstein & Cohen, 1963) . Measurements of the actual rate of glutamate (plus glutamine) removal in the presence and absence of glucose have shown that this is not the case (Haslam & Krebs, 1963b) , and the present experiments show how the addition of unlabelled a-oxoglutarate to brain mitochondrial preparations may greatly increase the yield of 14CO2 from [1-14C]glutamate without causing any net loss of glutamate, when the overall transamination reaction with oxaloacetate is prevented. The results thus illustrate the importance of combining measurements of net chemical change with information on the metabolic distribution of radioactive isotopes.
